The peptide hormone gastrin binds two ferric ions with high affinity, and iron binding is essential for the biological activity of non-amidated forms of the hormone. Since gastrins act as growth factors in gastrointestinal cancers, and as peptides labelled with Ga and In isotopes are increasingly used for cancer diagnosis, the ability of gastrins to bind other metal ions was investigated systematically by absorption spectroscopy. The coordination structures of the complexes were characterized by extended X-ray absorption fine structure (EXAFS) spectroscopy. Changes in the absorption of gastrin in the presence of increasing concentrations of Ga 3+ were fitted by a 2 site model with dissociation constants (K d ) of 3.3 x 10 −7 and 1.1 x 10 −6 M. Although the absorption of gastrin did not change upon the addition EXAFS all had metal:gastrin stoichiometries of 2:1 but, while the metal ions in the Fe, Ga and In complexes were bridged by a carboxylate and an oxygen with a metal-metal separation of 3.0-3.3 Å, the Ru complex clearly demonstrated a short range Ru-Ru separation, which was significantly shorter, at 2.4 Å, indicative of a metal-metal bond. We conclude that gastrin selectively binds two In 3+ or Ru 3+ ions, and that the affinity of the first site for In 3+ or Ru 3+ ions is higher than for ferric ions. Some of the metal ion-gastrin complexes may be useful for cancer diagnosis and therapy.
Introduction
The peptide hormone gastrin (ZGPWLEEEEEAYGWMDFamide, Gamide) stimulates gastric acid secretion, and is an important growth factor for the gastric mucosa. [1] The biological effects of Gamide are mediated by the cholecystokinin2 receptor (CCK2R), which is a member of the G-protein-coupled receptor superfamily. Several different tumor types often express the CCK2R. In particular Reubi and coworkers have demonstrated that more than 90% of medullary thyroid carcinomas and ovarian stromal carcinomas, and more than 50% of astrocytomas fitting the data for the interaction of other metal ions with Gamide or Ggly in the presence of ferric ions.
X-ray absorption sample preparation, spectroscopy, and analysis Samples for X-ray absorption spectroscopy (XAS) were prepared with 1 mM peptide, 50 mM MOPS, 10% DMSO and 20% glycerol as a cryoprotectant. Metal stock solutions were prepared from the corresponding nitrate salt, or Ru III Cl 3 in the case of ruthenium, and titrated to a final concentration of 2 mM. Following data collection, samples containing 2 mM Ru or In were further titrated with 1 mM Fe for comparison. All samples were frozen in liquid N 2 within 5 minutes of mixing, prior to data collection. XAS measurements were conducted at the Stanford Synchrotron Radiation Laboratory with the SPEAR storage ring containing roughly 450 mA at 3.0 GeV, using the data acquisition program XAS Collect. [15] Iron, gallium, indium, and ruthenium K-edge data were collected on the structural molecular biology XAS beamline 7-3, operating with a 20-pole 2 Tesla wiggler source, and employing a Si(220) double-crystal monochromator. For Fe and Ga spectroscopy a downstream vertically collimating Rh-coated mirror was employed for harmonic rejection, such that the harmonic fell above the cutoff. Incident Xray intensity was monitored using a nitrogen-filled ionization chamber and X-ray absorption was measured as the X-ray Kα fluorescence excitation spectrum using an array of 30 germanium detectors (Canberra Industries, Meriden, CT, USA). [16] X-ray fluorescence was collected through a Soller slit assembly, and scattered X-rays were preferentially removed using filters of 6 or 9 absorption unit thickness (Mn for Fe, Zn for Ga, Ag for In and Mo for Ru) in order to maintain the count rates registered by the detector in the linear regime. During data collection, samples were maintained at a temperature of approximately 10 K using a liquid helium flow cryostat (Oxford Instruments, Abingdon, UK). For each data set, 6 scans for each sample were accumulated (14 scans for the Ru data), and the energy was calibrated by reference to the absorption of a reference foil of the same element, measured simultaneously with each scan (assuming a lowest energy inflection point of 7,111.3 eV for Fe, 10,368.2 eV for Ga, 27,940.0 eV for In and 22,118 eV for Ru). XAS data was collected using a multiple region strategy in order to optimize data processing and statistical significance across the numerous regions of the EXAFS experiment. Initially data was collected in 10 eV steps to provide an accurate measure of the background, then in 0.2 eV steps across the absorption edge (from 40 eV below the edge up to the threshold energy, k = 0 Å -1 ) for Fe and Ga, and 0.5 eV steps for the broader absorption edges of In and Ru. After the threshold energy, steps of 0.045 Å -1 were used for the remainder of the spectrum. Data collection used a count time of 3s per data point up to the threshold energy, then a count time weighted by k 2 was employed, ranging from 3s at the threshold energy up to a maximum of 12s at the end of the collected k-range. Average data collection time per scan was 40 minutes for each element. Table 1 . Binding of metal ions by Gamide and Ggly. The affinity of, and the percentage absorbance change at 280 nm on, ferric or gallium ion binding to Gamide or Ggly were determined by fitting the mean data obtained in the absorbance experiments, described in the Fig 2 legend , to the models shown in Fig  1 with the program BioEqs. In the case of indium or ruthenium ions the corresponding values were obtained from fitting ferric ion titrations in the presence of various concentrations of indium or ruthenium ions, as described in the legends to Figs 3 and 4, respectively.
Gamide Ggly The EXAFS oscillations χ(k) were quantitatively analyzed by curve-fitting using the EXAF-SPAK suite of computer programs (http://www-ssrl.slac.stanford.edu/exafspak.html) as described by George et al., [17] using ab initio theoretical phase and amplitude functions calculated with FEFF v8.20x5. [18] The energy thresholds of the EXAFS oscillations (k = 0 Å 
Results

Binding of ferric ions to gastrins
The effect of addition of Fe 3+ ions on the absorption spectrum and fluorescence of Gamide and Ggly at pH 4.0 has been reported previously. Table 1 ).
Binding of gallium ions to gastrins
Similar to the results with Fe 3+ , the addition of Ga 3+ ions also caused a general increase in absorbance in the visible region, and in the peak centred at 280 nm in the UV region of the spectrum (S1 Fig). Fitting of the increase in absorption at 280 nm for both Gamide and Ggly at pH 4.0 (Fig 2) with the program Bioeqs yielded affinities for Ga 3+ of 3.3 x 10 −7 and 1.1 x 10
M for Gamide and 1.7 x 10 −8 and 2.3 x 10 −6 M for Ggly ( Table 1) . 
Binding of indium and ruthenium ions to gastrins
EXAFS characterization of Fe 2 Ggly
The XAS K-edge near-edge spectrum of Fe III 2 Ggly (S2 Fig) demonstrates pre-edge peaks centred at 7,114 eV arising from 1s ! 3d(t 2g ) and 1s ! 3d(e g ) transitions (see inset plot). The relatively large separation between these peaks (Δ = 1.2 eV) arises from an elevation of the e g levels, relative to the lower t 2g levels, and is indicative of low spin ferric iron. This large splitting also agrees with the expectation that the ferric ions are coordinated predominantly by hard ligands (i.e. the carboxylate donors of the Glu side chains). The observation that the near-edge spectrum does not display any apparent contributions from reduced ferrous forms of iron indicates that there was no appreciable photoreduction of the iron centres over the course of data collection.
The Fe III 2 Ggly EXAFS data ( Fig 5B) is dominated by Fe-O backscattering interactions just below 2 Å, and an outer shell backscattering FeÁÁÁFe interaction at~3.3 Å (Fig 5B) . The best fit to the data was obtained using single scattering paths, including 2 short Fe-O backscattering interactions at 1.90 Å, 4 Fe-O interactions at 2.03 Å, 1 FeÁÁÁC interaction at 2.57 Å, 2 FeÁÁÁC interactions at 2.96 Å and a single FeÁÁÁFe interaction at 3.33 Å ( Table 2 ). The structural parameters are reminiscent of the diferric non-heme iron-binding proteins, such as methane monooxygenase and similar di-iron complexes, where the iron atoms are relatively close together and are bound by multiple carboxylates, including bridging carboxylates between the metal centres. [19] [20] [21] Based on the number of coordinating ligands and longer range FeÁÁÁC scattering interactions, which appear prominent in the EXAFS data, the two ferric ions are predominantly bound by carboxylate donors with at least one bridging carboxylate. There is also a clear preference for inclusion of shorter Fe-O bond lengths (1.90 Å) in the fit, which may be indicative of bridging oxygen atoms, possibly as O 2- each iron centre interacts with one to two bridging carboxylates as well as at least one additional carboxylate that is not involved in a bridging interaction.
EXAFS characterization of Ga 2 Ggly
Although the primary backscattering peak in the Ga III 2 Ggly EXAFS Fourier transform ( Fig  5D) 
EXAFS characterization of In 2 Ggly
The EXAFS Fourier transform (Fig 5F) for In III 2 Ggly shows a shoulder on the shorter distance side of the primary backscattering peak centred at 2.1 Å, and the inclusion of a short In-O backscattering interaction significantly improved fitting of the data. Truncating the k-range of the EXAFS data (Fig 5E) 
EXAFS characterization of Ru 2 Ggly
The EXAFS Fourier transform of the di-Ru 3+ complex (Fig 5H) is significantly different from those of the other complexes investigated and displays two intense primary backscattering peaks centred at~2.1 Å and~2.4 Å. The magnitude of the Fourier transform peaks in Fig 5H is greatly diminished compared to those of the other complexes shown in Fig 5B, 5D and 5F and is the result of significant cancellation between individual Ru scattering paths. The best fit to the data was obtained using a dinuclear Ru 3+ complex, containing a Ru-Ru core, a bridging carboxylate and the remaining coordination completed with O-atoms and a single chloride bound to one of the Ru centres. While the bond-length of the Ru-Ru coordination is similar to that observed for other backscatterers, such as Ru-Cl, confusion of the EXAFS with these (Table 1) obtained by fitting the data to the 2 site competitive model shown in Fig 1 with alternatives is not possible because the Ru-Ru and Ru-Cl EXAFS differ in phase by approximately 180 degrees. Because the EXAFS experiment gives the superposition of all coordination environments about the Ru centres simultaneously, the fit parameters (Table 2 ) required fractional occupancy of Cl as well as fractional occupancy of an O-atom at~2.4 Å in order to represent the contributions from the two non-equivalent Ru coordination environments. This mixed dinuclear coordination environment also gave the maximal EXAFS cancellation represented by the experimental data. The short internuclear separation (2.4 Å) between the Ru centres is indicative of a direct metal-metal bond. [26] Discussion
We have previously reported that gastrins bind two ferric ions with affinities in the μM range. [8, 9] The discrepancy between these values and the values reported in Table 1 is probably due to the fact that the previous estimates were obtained by least squares fitting of a linear transformation of the fluorescence data, assuming binding sites with identical affinity. The present values were obtained by fitting the untransformed absorption data with the program BioEqs, which makes no such assumptions. We also reported previously that bismuth ions inhibit ferric ion binding, and analysis of the binding data with the program BioEqs was consistent with mixed inhibition, in which the gastrin-bismuth complex was still able to bind two ferric ions. [11] In the present study the binding of a range of other trivalent metal ions to gastrins was investigated by ultraviolet absorption spectroscopy. (Fig 4) was consistent with competitive inhibition, in which ruthenium and ferric ions competed for the two metal ion binding sites on gastrin. The dissociation constants (Table 1) indicated that the affinity of gastrins for ruthenium ions was substantially higher than for ferric ions. In fact, the curve for ferric ion binding in the presence of 26.5 μM Ru 3+ ions indicated that both Gamide and Ggly were able to bind only one Fe 3+ ion under these conditions. Some group 13 ions also bound to gastrins, likely due to their similar charge and atomic radius. Binding of Ga 3+ ions resulted in an increase in the absorption of both Gamide and Ggly (Fig 2) , and analysis of the binding data was consistent with the binding of two Ga 3+ ions, with affinities substantially weaker than for ferric ions ( Table 1) . Addition of In 3+ ions did not change the absorption of either Gamide or Ggly (Fig 3) , but did modify the changes in the absorption of both Gamide and Ggly on subsequent addition of Fe 3+ ions. The binding data for In 3+ ions was reasonably well fitted by a competitive inhibition model, in which the indium and ferric ions competed for the two metal ion binding sites on gastrin. The dissociation constants ( ), by gastrins was not detected by absorption spectroscopy (data not shown). (Table 1) obtained by fitting the data to the 2 site competitive model shown in Fig 1 with 
Metal Binding by Gastrins
Evidence for the binding of the group 15 ion bismuth to gastrins has been presented previously. [10, 11] The fact that the binding data was better fitted by a mixed inhibition model than a competitive model suggested that the gastrin-bismuth complex was still able to bind two ferric ions, and thus that the binding sites for the first bismuth and ferric ions were subtly different. Binding of the other group 15 ions, arsenic or antimony (As 3+ , Sb 3+ ), by gastrins was not detected by absorption spectroscopy (data not shown). In previous studies no evidence was obtained for high affinity binding of a wide range of divalent metal ions to either Ggly [8] or the gastrin precursor, progastrin. [27] Hence the metal binding sites of gastrins appear thus far to be selective for trivalent metal ions of groups 8, 13 and 15. The selectivity of the metal binding sites of transferrin has been investigated previously. Transferrin binds two ferric ions with high affinity, with bicarbonate-independent logK 1 and logK 2 values of 21.4 and 20.3, respectively. [28] Spectroscopic evidence has also been presented for the formation of complexes of transferrin with divalent (copper, nickel, zinc, etc.) and trivalent (aluminium, gallium, indium, etc.) metal ions (see review by Harris [29] ). Although the variation in experimental conditions often renders comparisons of the data obtained by In). The recent development of a portable generator for 68 Ga makes the latter approach more feasible than previously. [32] One advantage of this approach would be that oxidative damage to the peptide [7] would also be avoided, since complex formation proceeds rapidly at room temperature. In contrast to the abundant structure-function information available for the CCK2R, the identities of the receptors for non-amidated gastrins such as progastrin and Ggly are still controversial. The CCK2R does not bind either recombinant human progastrin [33] or synthetic Ggly [34] , and the failure of CCK1R and CCK2R antagonists to inhibit binding of 125 I-Ggly to the rat pancreatic cell line AR4-2J clearly differentiated the Ggly binding site from either of the known receptors. [34] A recent report has identified the F1-ATPase as a candidate Ggly receptor. [35] The identification of annexin II as the progastrin receptor [36] , however, has been disputed. [37] The availability of novel Ggly derivatives radioactively labelled with In and Ru isotopes may assist in resolving the current controversy over the identity of the receptors for non-amidated gastrins. Since progastrin and Ggly stimulate proliferation in the normal colorectal mucosa and accelerate the development of colorectal cancer [3, 4] , identification of such receptors may lead to improvements in cancer diagnosis and therapy.
Supporting Information Ggly was collected as described in Materials and Methods. The pre-edge peaks centred at 7,114 eV (see inset) arise from 1s ! 3d(t2 g ) and 1s ! 3d(e g ) transitions. The relatively large separation between these peaks (Δ = 1.2 eV) results from an elevation of the e g levels, relative to the lower t2 g levels, and is indicative of low spin ferric iron in an octahedral-type coordination environment. (TIF)
